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Summary
Micro-RNA (miR) are increasingly recognized as critical regulators of tissue-specific patterns of
gene expression. CD4+ T cells lacking miR-155, for example, exhibit bias towards Th2
differentiation, indicating that the absence of individual miR could alter CD4+ T cell differentiation.
We now show that MiR-155 is induced upon T cell activation and that it promotes Th1 differentiation
when over-expressed in activated CD4+ T cells. Antagonism of miR-155 leads to induction of IFN-
γRα, and a functional miR-155 target site is identified within the 3′ UTR of IFN-γRα. These results
identify IFN-γRα as a second miR-155 target in T cells and suggest that miR-155 contributes to Th1
differentiation in CD4+ T cells by inhibiting IFN-γ signaling.
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Introduction
CD4+ T cells orchestrate diverse modes of immune responses by differentiating into distinct
helper subsets, characterized by unique patterns of cytokine secretion [1]. Th1 cells, which
secrete the signature cytokine IFN-γ, and Th2 cells, which secrete the signature cytokine IL-4,
were the first two subsets to be characterized. More recently, Th17 cells, which secrete IL-17,
were identified as a third helper T cell subset. Dysregulated differentiation of CD4+ T cells
can lead to defects in the development of pathogen-specific immune responses, and can also
result in lymphocyte-mediated disease [1]. The differentiation of CD4+ T cells into different
subsets is strongly influenced by cytokine signaling and by the expression of subset specific
transcription factors [1]. More recently, micro-RNA (miR) have also been implicated in the
process of CD4+ T cell differentiation [2,3].
In CD4+ T cells, deficiency of Dicer, a nuclease essential to miR biogenesis, leads to diminished
proliferation and increased cell death upon activation [3]. Dicer-deficient CD4+ T cells are also
pre-disposed towards differentiation into IFN-γ-producing Th1 cells [3]. Subsequent studies
have begun to characterize the roles of individual miR in CD4+ T cells. Expression data derived
from Northern blot screening and miR micro-array technology have led to functional studies
that have identified a role for miR-181 in modulating T cell antigen receptor sensitivity [4],
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miR-150 in the regulation of the transcription factor c-Myb [5,6], and miR-155 in the
differentiation of CD4+ T cells into Th1 cells and the development of regulatory T cells
[7-13].
The specific gene regulatory networks by which miR influence CD4+ T cell differentiation
remain largely undefined. MiR-155 is the only miR known to influence CD4+ T cell subset
differentiation and its only known targets in CD4+ T cells are c-Maf and SOCS1. We selected
three miR, miR-155, miR-150, and miR-146a, thought to play an important role in lymphocyte
activation and differentiation and examined their expression patterns over time in naïve
CD4+ T cells that were activated and cultured in Th1-inducing, Th2-inducing, and unbiased
conditions. We then examined the ability of these miR to influence Th1/Th2 differentiation
when over-expressed during CD4+ T cell activation. MiR-155 over-expression was found to
bias CD4+ T cells towards Th1 differentiation, while antagonism of miR-155 was found to
bias the cells towards Th2 differentiation. MiR-155 antagonism in activated CD4+ T cells
resulted in increased expression of the IFN-γ receptor alpha chain (IFN-γRα). We subsequently
identified the message of IFN-γRα as an additional target of miR-155 in Th1 cells that could
account for enhanced Th1 differentiation. Our results suggest that miR-155 inhibits IFN-γ
responsiveness in differentiating CD4+ T cells and promotes Th1 differentiation.
Results and Discussion
Changes in the expression of individual miR during CD4+ T cell differentiation
To evaluate changes in the expression of individual miR during the differentiation of naïve
CD4+ T cells into Th1 and Th2 cells, the expression of miR-155, miR-146a, and miR-150 was
evaluated by Northern blot analysis of RNA extracted from CD4+ T cells cultured under
unbiased, Th1-inducing, and Th2-inducing cytokine conditions (Fig. 1). These three miR were
chosen for further study because they exhibit three different patterns of expression in T cells.
MiR-155, encoded by the bic gene, is rapidly induced in both B and T cells upon activation
[14-16]. CD4+ T cells from bic deficient mice exhibit preferential Th2 differentiation upon
activation, thought to be in part secondary to the increased expression of the Th2-associated
transcription factor c-Maf [7,8]. MiR-146a has the most discordant expression between Th1
cells and Th2 cells observed to date with the observation of much higher expression in fully
differentiated Th1 clones than in fully differentiated Th2 clones [10]. MiR-150 has been shown
to be down-regulated on lymphocyte activation, and to target the transcription factor c-Myb
[5,6].
MiR-155 and miR-150 were found to be induced and repressed, respectively, at 2 days
following CD4+ T cell activation (Fig. 1). MiR-146a was found to be down-regulated 2 days
following activation, with expression in Th1 inducing conditions slightly higher than that seen
in unbiased or Th2 inducing conditions. For all three miR examined, changes in expression
occurred within 2 days after CD4+ T cell activation, and subsequently, expression levels
remained constant through the course of the primary stimulation (Fig. 1).
MiR-155 over-expression or antagonism alters Th1/Th2 differentiation
To evaluate the functional consequences of their over-expression in a CD4+ T cell
differentiation assay, bicistronic retroviruses containing the primary miR sequence, including
250 bases each of 3′ and 5′ endogenous flanking sequence, of miR-155, miR-146a, or miR-150,
followed by the codons of GFP were constructed. The retroviruses were then used to transduce
activated CD4+ T cells (Fig. 2A, B, C). Two of the miR evaluated, miR-150 and miR-146a,
did not significantly influence CD4+ T cell differentiation in this assay (Fig. 2B, C). Over-
expression of miR-155 led to increased Th1 differentiation (Fig. 2A), a result that is
complementary to the observed bias towards Th2 differentiation in CD4+ T cells lacking
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miR-155 [7, 8]. We used an antagomir, a modified antisense RNA oligomer shown to
specifically reduce miR activity in vivo [17], to antagonize the activity of miR-155 and evaluate
the the effects of an acute loss of miR-155 function (as opposed to constitutive deficiency) on
CD4+ T cell differentiation. In agreement with the described Th2 bias seen in CD4+ T cells
from bic deficient mice, we observed a bias towards Th2 differentiation in CD4+ T cells
cultured in the presence of antagomir (Fig 2D).
While the data in Figure 2 show that miR-155 promotes Th1 differentiation, the results in
Figure 1 show equal expression of miR-155 in Th1- and Th2-polarizing conditions. MiR-155,
present at low basal levels in unstimulated CD4+ T cells, is up-regulated by a stimulus common
to both Th1- and Th2-polarizing conditions, such as TCR ligation or IL-2, reaching peak levels
by 24 hours after TCR ligation (Fig. S1A). To determine whether the observed Th1 suppression
in the presence of miR-155 antagonism was secondary to an alteration of TCR mediated T cell
activation, we measured the expression of activation markers and early IL-2 production in the
presence or absence of miR-155 antagonism (Fig. S1B, C). We observed a mild decrease in
the up-regulation of the activation markers CD25 and CD69 and the down-regulation of
CD62L, while early IL-2 production was not significantly altered. While these results suggest
that miR-155 may contribute to T cell activation after TCR ligation, the magnitude of the
changes suggests that they are unlikely to account for the observed effects of miR-155 on Th1
differentiation.
The only confirmed targets of miR-155 in T cells are c-Maf, a transcription factor that promotes
IL-4 production, and SOCS-1, a negative regulator of cytokine signaling [13,18]. Regulation
of SOCS-1 expression by miR-155 has been implicated in regulatory T cell development, and
could contribute to the effects of miR-155 on Th1/Th2 differentiation [13]. However, in our
system, SOCS1 protein levels in activated CD4+ T cells were unchanged in the presence of
miR-155 over-expression (Fig S2). While miR-155 targeting of c-Maf may, in part, account
for the effects of miR-155 on Th1/Th2 differentiation, two lines of evidence support the
involvement of other targets. The first lies in the observation that of 53 transcripts up-regulated
in bic deficient Th1 cells compared to wild type Th1 cells 46 were found to have
computationally predicted miR-155 target sites [7]. Similarly, of 99 transcripts up-regulated
in bic deficient Th2 cells compared to wild type Th2 cells, 53 were found to have
computationally predicted miR-155 target sites [7]. The second is that the effects of miR-155
on Th1/Th2 differentiation shown in Figure 2 are all observed on day 4 after activation, while
c-maf induction is not seen until day 8 [18]. To identify potential mechanisms by which
miR-155 could alter Th1/Th2 differentiation, additional targets of miR-155 in CD4+ T cells
were sought.
IFN-γRα is a target of miR-155 in CD4+ T cells
As cytokine signal transduction is known to be a key element of CD4+ T cell subset
differentiation, computationally derived lists of putative miR-155 targets were examined for
cytokine signal transduction components. Lists were obtained using the following searchable
websites: PicTar (http://pictar.bio.nyu.edu), TargetScan (http://genes.mit.edu/targetscan),
miRanda (http://www.microrna.org//miranda.html) and mirBase
((http://microrna.sanger.ac.uk/targets/v2/). The IFN-γRα chain was identified as a putative
target, and was of particular interest as there is evidence that the regulation of IFN-γ signaling
through the IFN-γR is important to the differentiation of Th1 cells [19-21]. During maturation,
Th1 cells down-regulate the β chain of the IFN-γR and the blockade of this down-regulation
through the expression of an IFN-γRβ transgene results in impaired Th1 differentiation
[19-21]. Earlier in the course of CD4+ T cell activation, the IFN-γRα chain is transiently down-
regulated in a manner that is independent of IFN-γ signaling [22]. The mechanism of this down-
regulation of IFN-γRα is unknown. To determine whether IFN-γRα expression was modified
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by miR-155, CD4+ T cells were stimulated and cultured in Th1- and Th2-polarizing conditions
in the presence or absence of antagomir directed against miR-155, as above. Antagonism of
miR-155 led to increased expression of IFN-γRα in cells cultured under Th1 conditions, with
no difference observed in cells cultured under Th2 inducing conditions (Fig. 3A). Conversely,
IFN-γRα expression was diminished in CD4+ T cells over-expressing miR-155, an effect also
seen in Th1-, but not Th2-polarizing conditions (Fig. 3B). The greater effect of miR-155
antagonism on IFN-γRα expression compared to miR-155 over-expression may be related to
the observation that miR-155 is already significantly induced in activated CD4+ T cells (Fig.
1). CD4+ cells cultured in Th2 conditions express higher levels of the miR-155 target c-Maf
in the presence of antagomir, providing evidence that the antagomir functionally antagonizes
miR-155 in Th2 cells (Fig. S3). The absence of IFN-γRα mRNA targeting by miR-155 in Th2
inducing conditions could be explained by preferential binding of miR-155 to high affinity
Th2 specific mRNA targets, such as c-Maf, in lieu of binding to IFN-γRα mRNA. Alternatively,
miR-155 may interact with IFN-γRα message in Th2 cells, but the interaction may be
insufficient for silencing, requiring additional factors, such as other miR, that are present in
Th1 cells.
To verify that IFN-γRα mRNA could be a direct target of miR-155, the computationally
identified target site within the 3′ untranslated region (UTR) of IFN-γRα was tested for its
ability to confer regulation by miR-155 to a heterologous reporter gene. An expression
construct for renilla luciferase reporter was modified to include 3 copies of the 27 base pair
region of the IFN-γRα 3′ UTR including the miR-155 target site. The modified construct was
co-transfected with a control plasmid expressing firefly luciferase into NIH 3T3 cells over-
expressing either miR-155 or miR-150. Expression of renilla luciferase relative to firefly
luciferase was diminished in the presence of miR-155, but not miR-150, only in the presence
of the IFN-γRα target site, indicating the ability of miR-155 to target this site (Fig. 3C). While
we cannot entirely exclude the possibility that IFN-γRα expression is at least in part reduced
by increased IFN-γ production by miR-155 expressing Th1 cells, our data support the direct
targeting of IFN-γRα mRNA by miR-155 in CD4+ T cells in Th1 inducing conditions.
To investigate the functional significance of miR-155 disruption of IFN-γ signaling in Th1
differentiation, CD4+ T cells were activated and cultured in the presence or absence of
antagomir, as in Figure 2D, with or without the addition of anti-IFN-γ antibody to the culture
(Fig. 3D). Anti-IFN-γ inhibits Th1 differentiation in the absence of antagomir (Fig. 3D, top
panels), but does not alter Th1 differentiation when antagomir is present (Fig. 3D, bottom
panels). The degree of Th1 repression is greater with antagomir than with anti-IFN-γ (Fig 3D),
suggesting that IFN-γRα is one of multiple targets of miR-155 in the inhibition of Th1
differentiation in CD4+ T cells.
IFN-γ has pleiotropic effects on CD4+ T cell differentiation. The induction of T-bet, a
transcription factor critical to Th1 differentiation, has been shown to occur within 3 hours of
CD4+ T cell activation and to be dependent on IFN-γ signaling through STAT1 [23,24]. The
inhibition of this activity by neutralizing anti-IFN-γ antibody would therefore inhibit Th1
differentiation by preventing early T-bet induction in activated CD4+ T cells. The early
induction of T-bet would not be predicted to be impaired by miR-155, as IFN-γ signaling would
likely have occurred by the time IFN-γRα protein levels were influenced by miR-155 induction
and subsequent targeting of IFN-γRα mRNA. Consistent with this prediction, we observed that
antagonism of miR-155 does not appear to interfere with T-bet expression at an early time
point (Fig. 3E), showing that miR-155 does not influence IFN-γ mediated T-bet induction.
A second way in which IFN-γ is thought to promote Th1 differentiation is by inhibiting the
proliferation of Th2, but not Th1 cells [25]. Subsequent studies have suggested a relationship
between this finding and the previously mentioned finding that committed Th1 cells down-
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regulate the expression of IFN-γRβ, losing responsiveness to IFN-γ [19,20]. MiR-155 targeting
of IFN-γRα would be predicted to promote proliferation of CD4+ T cells by reducing the
sensitivity of the cells to the anti-proliferative effects of IFN-γ. Consistent with this prediction,
we observe reduced proliferation in CD4+ T cells cultured in the presence of miR-155
antagomir (Fig. 3F). Therefore, we propose a mechanism whereby miR-155 targeting of IFN-
γRα enhances Th1 maturation by decreasing sensitivity of the cells to the antiproliferative
effects of IFN-γ.
Concluding Remarks
We present evidence that miR-155 inhibits the expression of IFN-γRα early in the course of
CD4+ T cell activation under Th1 inducing conditions and contributes to Th1 differentiation.
IFN-γRβ is known to be down-regulated specifically in Th1 cells over the course of two weeks
[19,20]. A more rapid down-regulation of IFN-γRα induced by miR-155 in Th1 cells suggests
a model whereby miR may serve as rapid and reversible gene regulators in cells that are
undergoing differentiation prior to subsequent stabilization of gene expression during
irreversible cell commitment [26]. Cytokine signal transduction is a pivotal element in the
differentiation of CD4+ T cells into different effector subsets, and the data presented above
represents the first evidence that miR play a role in inhibiting cytokine signal transduction in
CD4+ T cells. Loss of miR-155 function is seen to promote Th2 differentiation (Fig 2D and
[7,8]), whereas the loss of all miR by Dicer ablation promotion leads to Th1 biased
differentiation [3], providing evidence that miR other than miR-155 are likely to influence
CD4+ effector differentiation as well.
Materials and Methods
Mice
All animal work was in accordance with Institutional Animal Care and Use Guidelines of the
University of Pennsylvania (Philadelphia, PA). C57BL/6 and BALB/c mice were obtained
from the Jackson Laboratory.
CD4+ T cell isolation and culture
CD4+ T cells were isolated from splenocytes by positive selection using CD4 MACS micro
beads and MACS columns (Miltenyi Biotec). CD4+ T cells were activated with plate bound
anti-CD3 antibody (BD Biosciences) and soluble anti-CD28 antibody (1 mg/ml, BD
Biosciences) and cultured in the presence of 100 U/ml human recombinant IL-2 (unbiased
condition). Th1- and Th2-polarizing conditions were as previously described [27]. Anti-IFN-
γ antibody was purchased from Bio X Cell and used at a final concentration of 5 μg/ml.
Retroviral transduction
Retroviruses expressing GFP in conjunction with miR-155, miR-150 or miR-146a were
constructed and prepared as described [28], using the previously described MSCV PIG vector
(a generous gift of Scott Lowe) [29]. Retroviral transduction was performed after 36 hours of
activation as previously described [27].
Flow Cytometry
Surface staining, intracellular staining and flow cytometry were done as previously described
[27]. All antibodies used for flow cytometry were purchased from BD Biosciences, with the
exception of APC conjugated T-bet antibody (eBioscience). Carboxyfluorescein diacetate
succinimidyl ester (CFSE) (Molecular Probes) labeling was performed by incubating 1×107
cells/ml in PBS with 10 μM CFSE for 9 minutes at room temperature. Labeling was stopped
with 1 volume fetal calf serum and cells were washed three times prior to stimulation.
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Analysis of micro-RNA expression by Northern blot
Total RNA was isolated using Trizol (Invitrogen). For Northern blotting, 50 mg of total RNA
per sample was separated by 15% Urea-PAGE and transferred to Nytran membrane (ISC
Bioexpress) by semi-dry transfer. Probes were DNA oligonucleotides of complementary
sequence to the miR of interest (miR-155 probe: 5′-CCCCTATCACAATTAGCATTAA-3′,
miR-150 probe: 5′-CACTGGTACAAGGGTTGGGAGA-3′, miR-146a probe: 5′-
AACCCATGGAATTCAGTTCTCA-3′) end-labeled with (γ-32P)ATP.
Antagonism of miR function
Antagomirs were designed as described and purchased from Dharmacon [17]. Sequence of
antagomir used was 5′- cscsccuaucacaauuagcaususasas-Chol-3′, with subscripted “s” denoting
phorphorothioate linkage and “Chol” representing a 3′ cholesterol moiety. Cells were cultured
in the presence of 50 μg/ml antagomir.
Reporter Assays
Plasmids encoding renilla luciferase (pRL-TK, Promega) and firefly luciferase (pGL3,
Promega) were transfected into NIH 3T3 cells by the calcium phosphate method. Luciferase
activities were determined using a Dual Luciferase Reporter Assay System (Promega). 3 copies
of the 27 bp sequence of the IFN-γRα 3′ untranslated region containing the miR-155 target site
(5′-ACATACTTTTTTATGGAGCATTACTTA-3′) were cloned into the XbaI/NotI site of
pRL-TK.
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Analysis of miR-155, miR-146a and miR-150 expression by Northern blot. CD4+ T cells from
BALB/c mice were stimulated in vitro, and cultured in unbiased, Th1-, or Th2-polarizing
conditions. On the second, fourth and sixth days of culture cells were collected for RNA
isolation and subsequent Northern blotting. The blot was probed for miR as indicated and for
U6snRNA as a loading control. Data is representative of three independent experiments.
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Over-expression of miR-155, miR-146a and miR-150 and antagonism of miR-155 in a
CD4+ T cell Th1/Th2 differentiation assay. CD4+ T cells from C57BL/6 mice were stimulated
and cultured in unbiased conditions. Cells were transduced with retrovirus encoding GFP and
(A) miR-155, (B) miR-146a, or (C) miR-150 36 hours after plating. (D) Cells were cultured
in the presence of an antagomir directed against miR-155 or vehicle control. On the fourth day
of culture cells were re-stimulated with PMA and ionomycin and production of IL-4 and IFN-
γ was measured by intracellular cytokine staining and flow cytometry. Plots shown in A, B,
and C are gated on CD4+ GFP+ (transduced) cells. Plots in A, B, C, and D are representative
of four independent experiments. Summary of data from A (E) and D (F), data show mean ±
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SEM from four independent experiments. *p<0.01 versus vector or **p<0.05 versus vehicle;
Student's two-tailed t-test.
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IFN-γRα is a target of miR-155 in Th1 cells. (A and B) CD4+ T cells from C57BL/6 mice were
stimulated and cultured under Th1- or Th2-polarizing conditions with antagomir (black line)
or vehicle control (gray filled line) (A) or transduced with retrovirus encoding GFP alone
(vector, gray filled line) or with miR-155 (black line) (B). After four days, IFN-γRα surface
expression was measured by flow cytometry. Plots in (B) are gated on GFP+ cells. (C) NIH
3T3 cells were transduced with retrovirus encoding miR-155 or miR-150 and then co-
transfected with an unmodified firefly luciferase reporter and a renilla luciferase reporter either
unmodified or modified to include three copies of the 27 base pair IFN-γRα 3′ UTR sequence
containing the putative miR-155 target site. The ratio of renilla luciferase to firefly luciferase
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activity (RLU/FLU) is represented in the bar graph as mean ± SEM from three independent
experiments. *p<0.01 versus miR-155 control; Student's two-tailed t-test. (D) CD4+ T cells
from C57BL/6 mice were stimulated and cultured under unbiased conditions in the presence
of antagomir or vehicle control, with or without anti-IFN-γ antibody. After four days cells were
re-stimulated and production of IL-4 and IFN-γ was measured by flow cytometry. Data are
representative of three independent experiments. (E and F) CD4+ T cells from C57BL/6 mice
unlabeled (E) or CFSE labeled (F) were stimulated and cultured under unbiased conditions
with anti-IFN-γ antibody (dashed line, E only), antagomir (gray filled line), or vehicle control
(black line). (E) After 16 hours, CD4 and T-bet expression were analyzed by flow cytometry.
(F) After three days cells were analyzed by flow cytometry for CFSE content. Histograms are
gated on live CD4+ cells (E, F).
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